A B S T R A C T The effects of 5-, 8-, 9-, 11-, 12-, and 15-monohydroxyeicosatetraenoic acid (HETE) (0.1-100 nM) on mucous glycoprotein release from cultured human airways were determined. Each of the HETE was an active secretagogue of mucus at concentrations >1-10 nM with 12-and 15-HETE, the most active. Both 5-and 9-hydroperoxyeicosatetraenoic acid (HPETE) were also active as secretagogues at 100 nM, although of somewhat lower potency. As 
INTRODUCTION
Allergic asthma is thought to develop from immunologic stimulation of mast cells, the release and/or gen-eration of the mediators of allergy, and the elicitation by these mediators of the pathologic responses causing airflow obstruction (1, 2) . Of the pulmonary responses incurred by allergic provocation that contribute to asthma, mucus production appears to play an important role in determining both morbidity and mortality. To examine the mechanisms possibly contributing to mucus production from human airways, a model consisting of cultured human bronchi (3) secreting biosynthetically labeled (4) mucous glycoproteins has been developed (5) . Recent studies with this model have revealed that mast cell degranulation and mediator production lead to increased mucous glycoprotein release (5) . Of the mast cell-derived mediators, histamine (through an H-2 receptor) (5), several prostaglandins (6), a mixture of synthetic monohydroxyeicosatetraenoic acids (HETE)' (6) , pure (6) , prostaglandin-generating factor of anaphylaxis (PGF-A) (7) , and the slow-reacting substances of anaphylaxis (SRS-A), leukotriene C4 and D4 (LTC4 and LTD4) (8) , are all secretagogues of mucus. Whereas the precise relative contribution of each of these mediator-secretagogues to allergen-induced mucus production is unknown, the extraordinary responsivity of mucus secretion in vitro to the lipoxygenase products of arachidonate (the HETE and leukotrienes) suggests that these agents may be active in vivo as well.
Stimulation of rat mast cells leads to the generation of prostaglandin (PG)D2 and 12-HETE (9) , while purified human lung mast cells may also generate SRS- 13) , and, as yet, little is known of the specific lipoxygenase products. Both human and guinea pig lung are capable of converting arachidonic acid to HETE, human lung generating 15-HETE (14) and guinea pig lung . Certainly, human lung must also have the capability of generating 5-HETE, as activation of a 5-lipoxygenase is the initial step in SRS-A formation (16) . However, the quantities and specific identification of lipoxygenase products of human airways generated during anaphylaxis are unknown.
The purpose of this paper is to describe the specific HETE generated by human airways during anaphylaxis and to demonstrate the capability of these HETE to act as secretagogues of mucus. Normal-appearing airways 2-10 mm in diameter were fragmented into 3 X 5-mm replicates and cultured as described (5, 6) . The airway explants were maintained in CMRL-1066 medium with penicillin (158 ug/ml), streptomycin (250 ug/ ml), and aureomycin (25 ug/ml) in a controlled atmosphere chamber gassed with 45% 02, 50% N2, and 5% CO2, and incubated at 37°C (3).
METHODS
Radiolabeling (17) . ODS Silica columns (10 X 10 mm, SepPaks, Waters Associates, Millipore Corp., Milford, MA) were washed sequentially with methanol and water before the samples were applied. The supernatants were mixed with appropriate amounts of deuterated 5-HETE, 11-HETE, and 12-HETE standards to give a final concentration of 50 ng/ml each. The pH was adjusted to 4.0 with 1 M H3PO4, and the medium was passed through the SepPak column. The column was washed with 5 ml of hexane and eluted with 10 ml of diethyl ether. The ether extract was evaporated to dryness with a stream of nitrogen. Recovery of HETE exceeded 90%.
High-pressure liquid chromatography (HPLC). The residue was dissolved in 0.05 ml of methanol and purified by reversed-phase HPLC. HPLC was performed on a Varian Model 5000 liquid chromatograph (Varian Associates, Inc., Palo Alto, CA) linked to a Varichrom detector (Varian Associates, Inc.) operated at a wavelength of 235 nm. The mobile phase was delivered at a flow rate of 1 ml/min-'. The column was washed isocratically with methanol/water/ acetic acid (80:20:0.1) for 5 min, which was followed with a linear gradient to straight methanol developed over 30 min (18) . The HETE fraction was collected and evaporated to dryness with a stream of nitrogen.
The dried residue was dissolved in 1 ml of diethyl ether/ methanol (10:1) and esterified with diazomethane. The methyl ester was converted to trimethylsilyl ether derivative and analyzed by a gas chromatography-mass spectrometry. Samples in which [14C]arachidonic acid were added were analyzed after gas chromatography by monitoring radioactivity.
Gas chromatography (GC) 11 -and 15-HETE and, therefore, the data will be presented for either or both products.
Octadeuterated (D8) HETE and unlabeled HETE standards were synthesized from 5,6,8,9,11,12,14,15-D8-arachidonic acid by photochemical oxygenation. They were separated and purified by preparative HPLC with a MPorasil column (Waters Associates). The synthetic method used was essentially the same as that described previously (19, 20 Histamine was analyzed by the automated fluorometric assay (21) . The identity of the fluorescent material as histamine was confirmed by diamine oxidase digestions (22 
RESULTS
Effects of HETEs on mucus release. 5-, 8-, 9-, 11-, 12-, and 15-HETE (0.1-100 nM) were assessed for their effects on mucus release (Fig. 1) ; all of these compounds increased mucus release in a dose-dependent fashion as compared with control. Nine separate lung cultures have been exposed to these compounds, and increased mucus release has been produced in each instance with 1-100-nM concentrations. All the HETE tested were equipotent secretagogues at concentrations of 1 and 10 nM, whereas 12-and 15-HETE were the most effective stimulants at 100 nM (12-HETE = +73±6.7%; n = 4).
In two separate experiments, the effects of 5-and 9-HPETE on mucus release were studied. The only significant increase in mucus release was observed at concentrations of 100 nM: 20±2.6% increase above control (P < 0.05) for 5-HPETE and 28±1.9% (P < 0.01) for 9-HPETE. Thus, these two HPETE preparations were somewhat less active than their corresponding hydroxy compounds.
Generation of HETE by human airways in vitro. The data indicated that cultured human airways secrete mucus in response to exogenously added HETE and HPETE. It was therefore of interest to examine the capacity of these same airway preparations to generate HETE. Incubation of airways with
[I4C]arachidonic acid for 16 h, followed by silicic acid chromatography and GC, revealed the presence in the supernatant of two major peaks of radioactivity: the earlier peak cochromatographed with arachidonic acid while the second peak fractionated with HETE standards. Deuterated specific HETE standards were added to the incubation media as carriers, and the samples were purified by SepPak and HPLC. Mass fragmentography (selective ion monitoring) clearly showed prominent signals at m/e 225, 295, and 305, which occurred at the identical retention times as the deuterated standards at m/e 229, 301, and 313. Therefore, it is likely that li-HETE and/or 15-HETE, 12-HETE, and 5-HETE were present in the incubation medium.
Analysis of tissue culture media alone or tissue culture media to which arachidonic acid was added and incubated for 16 h failed to reveal the presence of any detectable HETE. However, airways incubated for 4 h in the presence of 25 ,ug/ml of arachidonic acid generated 32 ng/sample of 11-and/or 15-HETE and 10 ng each of 5-and 12-HETE. Thus, airways make at least three separate HETE. In a separate experiment, airways cultured for a longer period (48 h) in the presence of small amounts of ['4C]arachidonic acid (0.5 ttCi) generated 100 ng/sample of 5-HETE, 500 ng of 12-HETE, and 1,400 ng of 11-and/or 15-HETE.
Supernatants from airway samples that were cultured 1-3 d generated considerably more HETE than did the samples cultured 2 wk. For example, on the second day of culture, one airway preparation stimulated with 25 gg/ml of arachidonic acid generated 1,200 ng of 11-and/or 15-HETE/sample, 500 ng of 12-HETE, and 120 ng of 5-HETE, while after 18 d in culture, the same airways under the same conditions generated only 90 ng of 11- 12 -HETE, while the supernatant contained >100 ng of each of the three HETE. Thus, the HETE generated during short-term culture are released into the supernatant.
Effect of airway anaphylaxis upon mucus release and HETE formation. In separate reports, both reversed anaphylaxis of airways with rabbit anti-IgE (anti-IgE) and the addition of exogenous arachidonic acid have been shown to stimulate increased mucus release (5, 6) . It was of interest to examine the effects of the simultaneous administration of both stimuli upon mucus release (Table I) . Anti-IgE provoked histamine release and a dose-related increase in mucus release, while arachidonic acid also acted as a secretagogue of mucus. The combination of agents induced somewhat more mucus release than either maneuver alone and did so without an accompanying increase in histamine release.
The effects of reversed anaphylaxis upon airway HETE generation was examined in three separate experiments involving three individual lung preparations (Table II) . Media containing ['4C]arachidonic acid cultured for 4 h in the absence of lung tissue had no detectable HETE while airways cultured for 4 h in the presence of [14C]arachidonic acid (1 ,uCi/plate) produced <5 ng each of the three HETE. However, anaphylaxis (1:100 dilution of anti-IgE) in each instance induced sizable increases in the production of 11-and/ or 15-, 12-, and 5-HETE with the average amount generated being 163±51, 88±23, and 255±109 ng, respectively. Thus, anaphylaxis of human airways leads to HETE generation. Although the observation that airways are capable of converting arachidonic acid to at least three species of HETE extends and confirms earlier observations involving guinea pig lung (14) and human peripheral lung (13) , the capacity of anaphylaxis to stimulate HETE formation from airways is a new and potentially important observation. In three separate lung cultures undergoing anaphylaxis, 5-> 11-and/or 15-> 12-HETE synthesis was appreciated. The quantities synthesized were between 88 and 250 ng/culture, easily achieving concentrations known to be capable of stimulating mucus secretion (6, 26) and influencing neutrophil degranulation (27) as well as possibly modulating other airway-related events. Whereas the precise roles these HETE play in airway physiology are not known, the capacity of each of these products to stimulate mucous glycoprotein secretion suggests that they may contribute to at least this facet of allergic airways disease.
In earlier work, the ability of arachidonic acid to stimulate mucus secretion from human airways was appreciated (6) . The arachidonic acid appeared to act through interaction with lipoxygenase enzymes, leading to the formation of HETE. In this earlier work, complex mixtures of synthetic oxidative products of arachidonic acid as well as biosynthetic 12-HETE were shown to be capable of stimulating mucus secretion. In this study, these observations are extended to include 5-, 9-, 11-, 12-, and 15-HETE as well as 5-and 9-HPETE. Thus, HETE at concentrations >1-100 nM can act as secretagogues of mucus, and these are the concentrations achieved by airways undergoing anaphylaxis.
Other eicosinoids, including a variety of PG and LTC4 and LTD4, are also secretagogues (6, 7). The PG act in vitro at micromolar or higher concentrations and, thus, may not be physiologically important. The leukotrienes, however, are potent secretagogues at nanomolar concentrations and, clearly, may also contribute to the mucus secretion accompanying allergic airways disease. Although the precise mechanisms controlling the initial steps in leukotriene formation are not clearly defined as yet, it appears that anaphylaxis of lung tissues is generally required to activate the specific pathways involved. HETE formation from lung tissue may therefore occur more readily than SRS-A formation, as we observed that simply culturing airway tissue or adding exogenous substrate was suf-ficient to lead to sizable HETE formation. Thus, it is possible that HETE production by airways occurs more commonly than does leukotriene formation and, therefore, that HETE may play a larger role in mucus production (and other lung functions as well). We conclude that airways in culture produce at least three species of HETE, that this synthesis is accelerated by anaphylaxis, and that the HETE formed act as potent mucus secretagogues.
